Abstract. The general expressions for the time-dependent ensemble averages of the second spatial moments ͗A͘ and the effective dispersivities ␥, defined as (1/ 2)(d͗A͘/dt) where is the magnitude of the mean flow velocity , are evaluated in order to study the effect of initial plume size on ͗A͘ and ␥ in three-dimensional heterogeneous isotropic aquifers under the first-order approximation to the particle displacement. The results confirm previous findings that ͗A͘ and ␥ generally approach their respective ergodic limits X and ␣ as the size of a source increases, where X and ␣ are the single particle displacement covariance and the associated dispersivity, and that the transverse lengths of a source are more important than the longitudinal length for the ergodic condition to be met. The longitudinal dispersion of a nonergodic plume becomes Fickian or the effective asymptotic longitudinal dispersivity is constant at late time as long as one of the initial lateral lengths of the plume is nonzero, while the transverse dispersion is always nonFickian and the effective asymptotic transverse dispersivities are always zero regardless of the initial plume size. The most important and interesting findings are, when the longitudinal length l 1 of an initial plume is larger than the lateral lengths l 2 and l 3 , both effective longitudinal and transverse dispersivities ␥ ii (i ϭ 1, 2, 3) increase to their respective peaks at early time, then ␥ 11 decreases toward an asymptotic constant, whose value depends on the values of l 2 and l 3 (␥ 11 3 0 if l 2 ϭ l 3 ϭ 0), whereas ␥ 22 and ␥ 33 decrease to below zero (i.e., become negative), increase again, and finally approach zero independent of the lateral lengths of the source. Comparison of the current study with a numerical simulation shows good agreement between the calculated and simulated longitudinal second spatial moments.
Introduction
During the last 20 years, various stochastic theories have been proposed to characterize the spreading of a contaminant plume with its statistics, such as the second spatial moments. Most existing theories [e.g., Dagan, 1982 Dagan, , 1984 Dagan, , 1987 Dagan, , 1988 Gelhar and Axness, 1983; Neuman et al., 1987; Neuman and Zhang, 1990] are derived under the ergodic hypothesis. Statistically, this hypothesis means that the ensemble averages and the spatial averages are exchangeable. In dealing with a contaminant plume, the ergodic assumption for the spatial moments is believed to be satisfied if the size of a plume is much larger than the heterogeneity scale L. When such condition is not met, which is often the case in a field experiment, the plume is called nonergodic, and movement of a nonergodic plume is called nonergodic transport.
Studies on nonergodic transport have been carried out recently with analytical approaches [e.g., Kitanidis, 1988; Dagan, 1990 Dagan, , 1991 Salandin et al., 1991; Rajaram and Gelhar, 1993a, b; Zhang and Neuman, 1995a, b, c, d] and by numerical simulations [e.g., Valocchi, 1989; Tompson and Gelhar, 1990; Quinodoz and Valocchi, 1990; Salandin et al., 1991; Salandin and Fiorotto, 1993] . Kitanidis [1988] first investigated nonergodic transport in heterogeneous porous media. He derived the differential equations satisfied by the first two moments of solute concentration. An analytical first-order solution was obtained in his study for a special form of the velocity covariance and compared well with a numerical solution. Dagan [1990] extended his Lagrangian analysis of motion of one particle [Dagan, 1982 [Dagan, , 1984 [Dagan, , 1987 [Dagan, , 1988 , where the centroid of a plume is assumed to be known with certainty (i.e., ergodic transport), into nonergodic transport. In his study the first two moments of solute concentration are related to motion of two particles, and the effective dispersion coefficients are defined with the aid of the second spatial moments, which are shown to depend on the initial size of the solute body and on travel time. His theoretical results are illustrated by an analytical solution for a line source normal to the average velocity or bedding in a stratified aquifer. Later, Dagan [1991] applied his theoretical results to a two-dimensional heterogeneous isotropic formation and presented the expressions for the effective dispersion coefficients D L under the first-order approximation of the particle displacement. Various limits of D L are analyzed for a line source of finite length parallel or normal to the mean flow. His most interesting finding is that D L tends toward zero or the ensemble average of the longitudinal second spatial moment becomes constant at large time when the line source is aligned with the mean flow velocity . A similar result was obtained in the Monte Carlo simulation conducted by Salandin et al. [1991] , also in a stratified formation but with flow tilted with respect to the bedding. Their simulation shows that the second spatial moment increases with the travel distance until the latter becomes equal to the vertical extent of the solute body and then remains constant for the rest of time. Rajaram and Gelhar [1993a, b] published a series of two papers on nonergodic transport which they called the plume scale-dependent dispersion. In the first paper a Lagrangian analysis of the ensemble average second spatial moments of the concentration distribution resulting from a finite size source in a perfectly stratified aquifer was carried out. In the second paper a Eulerian analysis of the same moments is conducted in a three-dimensional aquifer. Analytical expressions for the second moment growth rate are presented and their asymptotic limits are derived. The latter indicates that the longitudinal second moment growth rate depends on the transverse second moments of the plume. Comparison of their theoretical results with the numerical simulation of Tompson and Gelhar [1990] shows good agreement, and application to the Borden tracer test shows a better fit to the measured second moments.
Neuman [1993] and Zhang and Neuman [1995a, b, c, d ] addressed the issue of nonergodic transport in the conditioning context. It is demonstrated that the usual requirement of stationarity and ergodicity in stochastic transport analyses can be relaxed by conditioning on site-specific measurements. Among other results, Zhang and Neuman [1995c] derived a conditional version of the relationship between the ensemble average of second spatial moment ͗A͘, the second spatial moment of the mean plume M, and the second spatial moment of the plume centers R. They computed M for point and area sources conditioning on transmissivity and hydraulic head measurements but found that it was computationally too demanding to evaluate ͗A͘.
The studies reviewed above have established a theoretical background for the nonergodic transport and have significantly enhanced our understanding of solute transport in heterogeneous media. However, their scopes are limited in one way or another. The ensemble average second spatial moments and/or the effective dispersion coefficients were evaluated either for a sinusoidal velocity covariance [Kitanidis, 1988] , for a perfectly stratified aquifer [Dagan, 1990; Salandin et al., 1991; Rajaram and Gelhar, 1993a] , or in two-dimensionality [Dagan, 1991] . Above all, only asymptotic limits are analyzed; the transverse moments and dispersion coefficients are not evaluated in most of these papers. Therefore there is a need for a systematic evaluation of both longitudinal and transverse components of the time-dependent second spatial moments and the corresponding effective dispersivities in three-dimensional aquifers, which is the purpose of the present study.
Formulation
The fundamental relationship among the ensemble averages of the second spatial moments of the plume about its center of mass, ͗A(t)͘, the displacement covariance of one particle about its mean location, X(t), and the plume centroid covariance, R(t), is given by [Kitanidis, 1988; Dagan, 1990] ͗A͑t͒͘ ϭ A͑0͒ ϩ X͑t͒ Ϫ R͑t͒
where A(0) is the initial value of A. The plume centroid variance R(t) is related to the two-particle displacement covariance and then to the velocity covariance by Dagan [1990, equation (10) ]. For a uniform mean flow field with the mean velocity parallel to the x 1 axis and under the first-order approximation to the particle trajectory, this function can be written as
where i, j ϭ 1, 2, 3, u ij is the velocity covariance, and V 0 is the initial volume of a source. For a cuboid source with dimension (l 1 , l 2 , l 3 ) in x 1 , x 2 , and x 3 direction, respectively, centered at (0, 0, 0), equation (2) can be reduced to
where all quantities are given in the dimensionless forms, i.e., tЈ ϭ t/L, with being the magnitude of the mean velocity and L being the integral scale of the log hydraulic conductivity field, ln K; i ϭ l i /L; and uЈ ij ϭ u ij /( 2 Y 2 ), with Y 2 being the variance of ln K. The dimensionless XЈ ij and ͗ AЈ ij ͘ are defined in the same way as RЈ ij , i.e., by dividing the dimensional form by the product of L 2 and Y 2 . To describe the rate of spreading of a nonergodic plume, we define, instead of the effective dispersion coefficient used by Dagan [1990, equation (18) ], the dimensionless effective dispersivity
where
A similar two-dimensional version of the dimensionless effective dispersivities ␥ ij in (4)-(6) was obtained by Dagan [1991, equation (15) ] but without the Kronecker delta ␦ ij . This delta function indicates that the off-diagonal terms ␤ ij are zero since u ij is odd when i j. The first-order analytical expressions for the ergodic limits X ii and ␣ ii (i ϭ 1, 2, 3) have been derived by Dagan [1987, 1988] . The expressions for RЈ ii and ␤Ј ii (i ϭ 1, 2, 3) in (3) and (6) can be evaluated using the first-order isotropic velocity covariance derived by Zhang and Neuman [1992] or the anisotropic one by Rubin and Dagan [1992] . However, only the isotropic case is pursued here. For convenience, in the sequel the dimensionless notation "prime" will be dropped, and all the quantities written and discussed in section 3 are in their dimensionless forms defined in (3)-(6).
Evaluation and Discussion
The general expressions for dimensionless RЈ ij in (3) and ␤Ј ij in (6) are evaluated for line and volume sources of different dimensionless lengthes of 1 , 2 , and 3 , where 1 is taken to be the length of a source in the mean flow ( x 1 ) direction, and 2 and 3 are the horizontal and vertical transverse lengths normal to the mean flow direction, respectively. The multidimensional integrals in the general expressions (3) and (6) are evaluated with Gaussian quadrature, since closed-form solutions are difficult to obtain. The velocity covariances u ii in (3) and (6) are replaced with the closed-form solution derived by Zhang and Neuman [1992, equations (1) and (2)]. The accuracy of results is warranted by increasing the number of the Gaussian points until the change of the results is insignificant. The initial second spatial moment A(0) is taken to be constant and has no effect on ␥ ii , and its contribution to ͗A(t)͘ can always be added. Hence only results for X ii Ϫ R ii ϭ ͗A(t)͘ Ϫ A(0) and ␥ ii , (i ϭ 1, 2, 3) are presented in the sequel.
X ii ؊ R ii and ␥ ii for a Line Source
A line source normal to the mean flow. The line source is taken to be on the horizontal x 2 axis, and thus the dimensionless length 1 ϭ 3 ϭ 0 and the general expressions for R ii and ␤ ii (i ϭ 1, 2, 3) in (3) and (6) are reduced to the double integral, respectively:
The computed results based on (7) and (8) (24) and (38) of Dagan [1988] . It is seen from Figures 1a-1c that for 2 ϭ 1, i.e., the length of the line source is equal to the heterogeneity scale L, R ii is almost equal to X ii (i ϭ 1, 2, 3) and the differences between them are relatively small. This means that the plume centroid due to a small source disperses like a single particle whose second spatial moments are described by X ii . As 2 increases, R ii decreases, and thus X ii Ϫ R ii increases. That is to say, the uncertainty about the center of mass of the plume becomes less and less, or the ergodic condition is approached as the size of the plume increases. Then, ͗ A ii ͘ ϭ X ii ϩ A ii (0), the second spatial moment of the ensemble average concentration, is a good estimate for the spreading. This condition is approximately satisfied, as shown in Figure 1 , when 2 ϭ 100 for the range of the dimensionless time considered. It is obvious that the difference between X 11 and R 11 becomes larger and larger as time progresses, while that between X ii and R ii (i ϭ 2, 3) remains constant. The two transverse components for the same value of 2 in Figures 1b and 1c are different, indicating that the lateral spreading of a nonergodic plume is anisotropic when the two transverse dimensions of the source are different, even though the medium is statistically isotropic in which the ergodic limit X 22 ϭ X 33 . For the same value of 2 , X 22 Ϫ R 22 in Figure 1b is larger than X 33 Ϫ R 33 in Figure 1c because the path lines sampled by the source in the x 2 direction are much more than those in the x 3 direction. The effect of 2 on the effective dispersivities is shown in Figures 1d-1f . The longitudinal dispersivity ␥ 11 ( Figure 1d ) increases with time to an asymptotic limit, which depends on 2 . The larger the value of 2 , the larger the limit. The transverse dispersivities (Figures 1e and 1f ) increase quickly at early time to a peak whose value also depends on 2 and then decrease to zero at late time. For the long line source of 2 ϭ 100, all dispersivities (the long-dashed lines in Figures 1d-1f , respectively) approach closely to their respective ergodic limits ␣ ii . That the ergodic condition is not met when 2 Ͻ 100 is in agreement with the results obtained by Dagan [1990 Dagan [ , 1991 and Salandin et al. [1991] . It is noted that here the Fickian dispersion, meaning that the second spatial moment is proportional to time or that the dispersivity is constant, occurs in longitudinal direction at large time for the line source normal to the mean flow discussed here, but this is not true when the line source is parallel to , which is discussed next.
A line source parallel to the mean flow. In this case, 2 ϭ 3 ϭ 0, and thus the two transverse moments as well as the two transverse dispersivities are equal. The expressions for R ii and ␤ ii (i ϭ 1, 2, 3) are given by
where u ii are also based on the same closed-form solution derived by Zhang and Neuman [1992, equations (1) and (2) Figure 2 . It is seen that while at early time, say, t Ͻ 2, the behaviors of X ii Ϫ R ii and ␥ ii are similar to those in Figure 1 (i.e., they all increase with time), they differ fundamentally at large time. The longitudinal second moment X 11 Ϫ R 11 in Figure 2a becomes flat, and the corresponding effective longitudinal dispersivity ␥ 11 in Figure 2d decreases to zero. This is true no matter how large the line source is, as long as it is finite; the zero longitudinal dispersivity will be approached eventually. Physically, it means that the plume due to the line source will stop expanding at some point in time. Even for 1 ϭ 100, X 11 Ϫ R 11 (the longest-dashed line in Figure 2a ) is substantially below X 11 (the solid line), and the difference becomes larger and larger as time progresses since the former becomes flat at late time. In other words, the uncertainty associated with predicting the longitudinal centroid of the plume is still large even for 1 ϭ 100. The ergodic condition and Fickian regime are never reached for a finite line source parallel to the mean flow. The zero asymptotic longitudinal dispersivity has been observed before by Dagan [1991] for a similar line source in his two-dimensional analysis and explained as [Dagan, 1991, p. 209 ] "the trajectories of the different particles making up the [line source] are correlated, since they lie on the same streamline of the steady flow." His discovery is confirmed by the Monte Carlo simulation conducted by Salandin et al. [1991] in a stratified formation with flow tilted with respect to the bedding. They showed that the second spatial moment increases with the travel distance until the latter becomes equal to the vertical extent of the solute body and remains constant afterward.
The most surprising and interesting results obtained in this study are for the transverse second spatial moment X 22 Ϫ R 22 (ϭ X 33 Ϫ R 33 ) and the associated effective transverse dis- persivity ␥ 22 (ϭ ␥ 33 ), as shown in Figures 2b and 2e , respectively. The former increases at early time to a peak and then decreases to an asymptotic limit, which depends on 1 . The larger the value of 1 , the larger the limit. The latter also increases at early time to a peak, but then decreases to below zero, and increases again to its asymptotic limit of zero no matter what value 1 takes. The time at which ␥ 22 becomes negative depends on 1 ; the larger the value of 1 , the later ␥ 22 becomes negative. It may need to be clarified that although not shown here, both X 22 and R 22 are nondecreasing functions, and it is the difference between them, i.e., X 22 Ϫ R 22 , that decreases at large time. A negative value of ␥ 22 means that the rate of change of the transverse centroid second spatial moment R 22 exceeds that of the second spatial moment of the ensemble mean plume X 22 , i.e., ␤ 22 Ͼ ␣ 22 . Recall that X 22 is the transverse displacement variance of one particle which flows along a streamline in each realization and R 22 is the centroid variance of the plume. In this case, the particles making up the line source parallel to the mean flow lie on and advect along different streamlines in each realization. It is not impossible that at some point in time the change of the centroid variance of a plume due to such a source is faster than that of the one-particle displacement variance.
The finding of the negative ␥ 22 is theoretically significant because if ͗ A 22 (t)͘ and ␥ 22 are correct measures of the plume spreading and its rate, the negative ␥ 22 implies that the plume shrinks laterally at late time. It is unlikely that a plume shrinks in all directions in a statistically homogeneous, divergence-free flow field. However, it is highly possible that in a heterogeneous medium a plume shrinks in one direction but expands in the other [Kitanidis, 1994] . In such a case, the traces of X ii Ϫ R ii and ␥ ii , defined as the sum of the diagonal terms (or eigenvalues in this case, since both X ii Ϫ R ii and ␥ ii are diagonal), i.e., tr(X Ϫ R) ϭ ͚ iϭ1 3 X ii and tr(␥) ϭ ͚ iϭ1 3 ␥ ii , may be viewed as measures of the overall spreading and its rate [Kitanidis, 1994; Zhang and Neuman, 1995c] . The trace tr(X Ϫ R) should be nondecreasing and tr(␥) should be nonnegative. This is indeed the case, as shown in Figures 2c and 2f . There tr(X Ϫ R) and tr(␥) look similar to those in Figures 2a and 2d , respectively, because the longitudinal components dominate both traces.
One may ask whether the approximation made to compute ␥ is desirable. Although the ensemble average of the second spatial moment of a plume ͗A(t)͘ is exactly related to the second spatial moment of the mean plume X(t) and the plume centroid variance R(t) via (1), ͗A(t)͘ is generally different from the actual second spatial moment A(t) of a field plume (one realization). Under or near ergodic conditions, A(t) may be well represented by its estimate ͗A(t)͘. However, as shown earlier, the ergodic condition is not met in this case. Therefore the decrease of ͗A(t)͘ may not necessarily imply that the actual plume shrinks. It may only indicate that the estimate is not good under this condition. A conditioning approach [e.g., Zhang and Neuman, 1995a, b, c, d ] may be more useful in predicting the behaviors of these extremely nonergodic plumes.
The results in this study are based on the first-order approximations of flow and advection. A recent study of higher-order correction in advection by Dagan [1994] revealed that a second-order approximation on advection alone yields a slightly higher peak asymptotic transverse macrodispersivity ␣ 22 . A more recent study of consistent higher-order correction in both flow and advection by Hsu et al. [1996] found that the secondorder correction in flow alone has a stronger impact on transport and produces higher preasymptotic ␣ 22 than does that in advection alone. However, both higher-order studies obtained zero asymptotic transverse macrodispersivity ␣ 22 as in the firstorder approximation. The elevated preasymptotic ␣ 22 in second-order approximation might remain higher than or equal to ␤ 22 , hence producing a nonnegative ␥ 22 . In fact, when the ergodic limit ␣ in ␥ is replaced by the dispersivities obtained in the quasilinear theory developed by Neuman and or in the nonlinear analysis published recently by Zhang and Chi [1995] , instead of Dagan's linear theory used here, ␥ 22 and ␥ 33 become positive at late time. In that case, however, the approximations made in deriving ␣ and ␤ are not consistent and thus are not presented here. The effect of second-order approximation on ␤ 22 should be investigated. Before doing that, the question remains of whether or not the negative preasymptotic effective transverse dispersivity is an artifact of the first-order approximation in flow and advection. The finding of the negative effective transverse dispersivity may indicate another problem in existing first-order stochastic theories on solute transport in porous media. None of the theories have quantified the transverse macrodispersivity accurately [Chin and Wang, 1992] , especially in statistically anisotropic media as indicated by Zhang and Neuman [1990] .
X ii ؊ R ii and ␥ ii for a Volume Source
The general expressions of R ii in (3) and ␤ ii in (6) for a volume source are evaluated for two cases: a cube and a cuboid with the long side parallel to .
A cube source. In this case, 1 ϭ 2 ϭ 3 . The results are presented in Figure 3 where, similar to Figure 1 , both X 11 Ϫ R 11 and X 22 Ϫ R 22 monotonically increase with time, and at large time the former becomes proportional to time and the latter becomes constant. This is fundamentally different from Figure 2 , where as time progresses, X 11 Ϫ R 11 becomes constant and X 22 Ϫ R 22 reaches a peak and then decreases to a constant. The differences among these three figures are caused by the different transverse dimensions of the initial sources and can be explained with the number of path lines sampled by the initial volume. The number of path lines sampled is the least in the case of a line source parallel to (Figure 2) , and thus the uncertainty about the plume center described by R 11 is substantial even when 1 is as large as 100. On the other end, the number of path lines sampled is the most in the case of a volume source (Figure 3) , and the ergodic limit X 11 is almost reached when the characteristic length of the source is 20. This demonstrates once again the importance of the transverse dimensions of an initial plume. For the ergodic condition to be met or to reduce the uncertainty of prediction in a field situation, one should create a source with large lateral dimensions.
A cuboid with the long side parallel to the mean flow. This case is studied by fixing 2 ϭ 3 ϭ 1 and varying 1 . The results are depicted in Figure 4 . This figure looks similar to Figure 2 but there is one important difference between them: At late time the longitudinal moments in Figure 4a become proportional to time, while they become constant in Figure 2a . The corresponding effective longitudinal dispersivity in Figure 4c for any value of 1 approaches the same asymptotic constant whose value is determined by the transverse lengths of the cuboid source, while they all approach zero in Figure 2c . Since here the value of 2 and 3 are fixed at 1, ␥ 11 obtained for 1 ϭ 5, 10, 20, and 100 all converge to the asymptote for the cube of one. The Fickian dispersion is achieved in the longitudinal direction after the "strange" non-Fickian behavior (first increasing and then decreasing). Also, the negative values for the two transverse dispersivities at late time appear again ( Figure  4d ), as we saw in Figure 2e .
In order to demonstrate this more clearly, Figure 5 is plotted for three cuboid sources with 2 ϭ 3 ϭ 1, 2, and 4 and the ratio 1 / 2 ϭ 10 (the dashed lines), along with those for three cube sources of 1, 2, and 4 (the solid lines from the bottom of each graph in Figure 5 ), and the top solid lines are for the ergodic limit of X ii and ␣ ii (i ϭ 1, 2, 3). It is seen from Figures 5a and 5b that enlarging a cube to a cuboid in the longitudinal direction affects all three components of X ii Ϫ R ii and ␥ ii (i ϭ 1, 2, 3). The longitudinal dispersivities for the three cuboid sources (the dashed lines in Figure 5c ) decrease at large time and approach their respective limits (solid lines). All the transverse dispersivities become negative at some time, and the largest negative value is obtained when 1 ϭ 10 and 2 ϭ 3 ϭ 1 and at the dimensionless time around 10. The larger the lateral dimensions of the source, the later it becomes negative and the smaller the negative value it takes.
The cases that X ii Ϫ R ii and ␥ ii for an area source either normal or parallel to are also investigated, and the results are consistent with the general conclusion, obtained for a line source or a volume source, that increasing the size of a source in the direction normal to the mean flow is much more important for the ergodic condition to be met than in the direction parallel to the flow and thus are not reported here, in order to reduce the length of the paper.
Application
A three-dimensional numerical simulation was conducted by Tompson and Gelhar [1990] with a random walk particle method in a heterogeneous isotropic aquifer. In their study, single realizations of random hydraulic conductivity fields with three different degrees of heterogeneity, i.e., Y 2 ϭ 1.0, 2.9, and 5.3, but the same correlation length L ϭ 1.0 and different source locations were used to investigate preasymptotic and nonergodic effects. The steady state flow problems were developed on a prismatic grid of 51 ϫ 51 ϫ 51 nodes of a constant grid spacing of 0.5 in each direction with a mean hydraulic gradient of 0.004 in the positive x direction. An initial pulse of 8000 particles of unit mass was uniformly distributed at random within a 4 ϫ 4 ϫ 4 cube of 64 cells located near the upstream face of the computational region and was then tracked. They found that the spatial moments of the particle distributions compare favorably with stochastic theory predictions in terms of longitudinal advection and mixing but differ markedly from predictions of transverse mixing, and they also found that significant nonergodic effects exist, as reflected in strong differences in the second moment evolution curves among the individual experiments and those predicted from the ensemble stochastic theory. The longitudinal second moment growth for Y 2 ϭ 1.0 from the four different source locations corresponding to different "realizations" is considerably scattered, and the average of the four realizations (circles in Figure 6 ) was compared by Rajaram and Gelhar [1993b, Figure 5] with that predicted from their two-particle approach. Their prediction was reproduced in Figure 6 (the long-dashed line) without dividing by the flow factor in order to be consistent with the other two curves plotted in that figure. On the basis of the results obtained in this study, we calculated the ensemble average longitudinal second moment ͗ A 11 (t)͘ ϭ A 11 (0) ϩ X 11 (t) Ϫ R 11 (t) with 1 ϭ l i /L ϭ 2 (i ϭ 1, 2, 3), and the result is depicted by the short-dashed line in Figure 6 , where the constant initial second moment A 11 (t) is given by l 1 2 /12 ϭ 0.3333. As expected, the predicted second moments found by us and Rajaram and Gelhar [1993b] for the nonergodic plume are substantially below the ergodic limit derived by Dagan [1988] (solid line in Figure 6) , and it appears that our prediction fits the simulation results better than that of Rajaram and Gelhar [1993b] , especially at large displacement.
Conclusions
On the basis of established theory of nonergodic transport in heterogeneous porous media, the general expressions for the time-dependent ensemble averages of the second spatial moments and the effective dispersivities are evaluated in order to study the effect of initial plume sizes under the first-order approximation to the particle trajectory in three-dimensional statistically isotropic medium. The following conclusions may be drawn.
1. The ensemble averages of the second spatial moments ͗A(t)͘ and the effective dispersivity ␥(t) approach their respective ergodic limit X(t) and ␣(t) as the size of a source increases. A large transverse length of a source is more important than a large longitudinal length to reach the ergodic condition.
2. Longitudinal dispersion of a nonergodic plume becomes Fickian or the effective asymptotic longitudinal dispersivity is constant at late time, as long as one of the initial lateral lengths of the plume is not zero. The transverse dispersion is always non-Fickian (i.e., nonconstant), and the effective asymptotic transverse dispersivities are zero regardless of the initial plume size.
3. For a plume whose initial longitudinal length 1 is larger than its lateral length 2 and 3 , both effective longitudinal (␥ 11 ) and transverse (␥ 22 and ␥ 33 ) dispersivities increase at early time to reach their respective peaks, and then ␥ 11 decreases toward an asymptotic constant whose value depends on the values of l 2 and l 3 , whereas ␥ 22 and ␥ 33 decrease to below zero, then increase again, and finally approach zero independent of the lateral lengths.
4. The traces of X Ϫ R and ␥ may be viewed as measures of the overall spreading and its rate, respectively. The trace of X Ϫ R should be nondecreasing and that of ␥ should be nonnegative for any source.
5. The transverse dispersion of a nonergodic plume with two different initial lateral lengths is anisotropic in a statistically isotropic medium: The effective transverse dispersivity is larger in the direction with a larger initial length. 
